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sient interactions between the TCR and self MHC is
thought to induce proliferation and continued differenti-
ation of the DP cells to the CD4CD8 or CD4CD8
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2Department of Developmental Biology and Pathology single-positive (SP) stage. Those cells that fail to prop-
erly rearrange the T cell receptor genes or make T cell3Program in Immunology
4Howard Hughes Medical Institute receptors unable to react with self MHC undergo pro-
grammed cell death. This model for the developmentBeckman Center, Room B211
Stanford, California 94305 of a self-tolerant repertoire of peripheral T lymphocytes
has received considerable experimental support (Ashton-
Rickardt et al., 1994; Hogquist et al., 1994; McCormack
et al., 1994). However, the mechanism by which high-Summary
intensity signals lead to death while low-intensity signals
through the same receptor lead to survival and prolifera-During development, discrete cell fates often result
from variation in the intensity of a particular signal. tion is unclear.
Signals by the antigen receptor lead to an influx ofThe mechanisms underlying these seemingly analog-
to-digital switches are not understood. In developing calcium and the activation of the phosphatase cal-
cineurin. Previous studies have implicated calcineurinT lymphocytes, low-intensity signals through the anti-
gen receptor result in positive selection while more activity in thymocyte development, but redundancy
among the catalytic subunits of calcineurin and the var-intense signals give rise to negative selection. By de-
leting the genetic locus encoding the regulatory B1 ied levels of expression of these subunits (Klee et al.,
1998) have made calcineurin activity difficult to inacti-subunit of calcineurin specifically in thymocytes, we
found an absolute requirement for calcineurin in posi- vate by genetic or pharmacologic means, resulting in
contradictory views of the role of calcineurin in this pro-tive selection. In contrast, calcineurin activity was
dispensable in several models of negative selection. cess (Bueno et al., 2002; Gao et al., 1988; Jenkins et al.,
1988; Shi et al., 1989; Starr et al., 2003; Wang et al.,Unexpectedly, we found that removal of calcineurin
activity from thymocytes results in inefficient ERK 1995; Zhang et al., 1996). Reasoning that inactivation of
the B1 regulatory subunit of calcineurin (Cnb1) wouldactivation at the double-positive stage of thymocyte
development, when selection occurs. These studies eliminate all calcineurin activity in somatic tissues, we
generated mutant mice in which this genetic locus couldclarify the mechanism by which graded signals are
converted to discrete outcomes in T cell development be specifically removed in developing thymocytes. We
found that removal of Cnb1 gene function was sufficientand further indicate that the developmental roles of
calcineurin likely contribute to immunosuppression by to eliminate calcineurin activity. Cnb1-deficient DP thy-
mocytes are unable to be positively selected to the SPcalcineurin inhibitors.
stage of development; however, neither the scope of
nor the threshold for negative selection of these cellsIntroduction
are affected in four independent models of this process.
Unexpectedly, we find that ERK signaling is attenuatedGraded signals at the cell membrane often lead to the
production of distinct outcomes. Well-studied examples in Cnb1-deficient thymocytes. We conclude that cal-
cineurin activity is selectively required for positive selec-include signaling by sonic hedgehog, bone morphoge-
netic proteins, and fibroblast growth factors, in which tion and that long-term removal of this activity (in the
context of immunosuppression, for example) results ina gradient of ligand leads to the production of different
cell types (Jessell, 2000; Muller et al., 2003). Although dysregulation of additional pathways involved in signal-
ing through the antigen receptor of T lymphocytes.these cell fates appear to arise as a result of different
transcriptional responses, despite much effort, the bio-
chemical basis of these seemingly analog-to-digital Results
switches has been elusive (Freeman and Gurdon, 2002).
Another example of an analog-to-digital switch is the Thymocyte-Specific Deletion of Cnb1
selection of T lymphocytes during the CD4CD8 dou- Since germline inactivation of the Cnb1 gene results in
ble-positive (DP) stage of development. In this process, lethal defects in vascular patterning (Graef et al., 2001a),
self-reactive cells must be eliminated or negatively se- we generated a homologous recombination targeting
lected (Kappler et al., 1987; Kisielow et al., 1988), while vector in which three exons of the Cnb1 genomic locus
cells capable of responding to foreign antigen must were flanked by loxP recombination sites (Figure 1A).
be positively selected (Bevan, 1977; Zinkernagel et al., Productive recombination of these sites results in dele-
1978). At a descriptive level, negative selection is thought tion of 83% of the coding sequence of Cnb1. Targeted
to be due to recognition of self peptides presented by embryonic stem cell clones were generated by standard
MHC, resulting in a strong signal through the TCR. In methods, and the resulting allele (which retained the
contrast, the weaker signaling generated by more tran- pgk-neo selection cassette) was termed Cnb1fn. Cnb1fn/
ES cells were expanded and transiently transfected with
a plasmid encoding Flpe recombinase to remove the*Correspondence: crabtree@cmgm.stanford.edu
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Figure 1. Thymocyte-Specific Deletion of Cnb1 Results in Decreased Cellularity and a Block at the DP to SP Transition
(A) Schematic representation of wild-type (Cnb1), targeted (Cnb1fn), and postrearrangement (Cnb1f, Cnb1) Cnb1 alleles referred to in the text.
(B) Southern and PCR analysis of recombinase-mediated locus rearrangements in targeted ES cell clones. For Southern analysis, genomic
DNA was digested with EcoRI. Locations of the probe and oligos used to follow the rearrangements are indicated on Cnb1 allele in (A).
(C) Immunoblot analysis of Cnb1 protein levels in thymocytes from wt, Cnb1fn/fn, and Cnb1f/f mice.
(D) PCR analysis of Cnb1 locus recombination in thymocyte subsets from lck-cre Cnb1f/ animals. DN3, CD4CD8CD3B220CD44CD25;
DN4, CD4CD8CD3B220CD44CD25; DP, CD4CD8; LNT, purified lymph node-derived T lymphocytes.
(E) Immunoblot analysis of Cnb1 protein levels in thymocyte subsets from lck-cre Cnb1f/ animals. GSK3 was detected to ensure equal
protein loading. Cell subsets are defined as in (D).
(F) Immunoblot analysis of NF-ATc dephosphorylation in CD4CD8 thymocytes in response to Ca2 ionophore in the presence or absence
of cyclosporin A. Increased electrophoretic mobility of NF-ATc proteins is indicative of dephosphorylation by calcineurin.
(G) Immunoblot analysis of the kinetics of IB degradation in Cnb1-deficient and control CD4CD8 thymocytes stimulated with PMA and
Ca2 ionophore. Similar results were obtained for IB (data not shown).
All results are representative of a minimum of three individual experiments.
pgk-neo cassette to generate the Cnb1f allele (Figure cre deleter strain. Cnb1fn/fn, Cnb1f/f, Cnb1fn/, and Cnb1f/
mice exhibited normal lymphocyte development and1A). Cnb1fn/ and Cnb1f/ ES cells were used to generate
chimeric mice by standard methods, and outcrossed function and were overtly normal well into adulthood.
Cnb1/ mice died at day 11 of gestation due to severeanimals were bred to homozygosity. Cnb1 protein levels
were comparable among wild-type, Cnb1fn/fn, and Cnb1f/f defects in vascular patterning (data not shown). The
phenotype was indistinguishable from that observed inanimals in all tissues examined (Figure 1C and data not
shown). A recombined germline allele (termed Cnb1) mice homozygous for the Cnb1* loss-of-function allele
(Graef et al., 2001a).was generated by crossing mutant lines to a -actin-
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Previous studies implicating calcineurin activity in in development of lck-cre Cnb1f(n)/ thymocytes was
truly cell autonomous. We set out to further characterizenormal thymic development have not differentiated be-
tween the roles of calcineurin in thymocytes versus non- the decrease in thymic cellularity in lck-creCnb1f(n)/ mice.
The decrease in general cellularity in the thymus oflymphoid cells, such as the vasculature and thymic
stroma. To examine the role of Cnb1 function specifically lck-cre Cnb1f(n)/ mice could be due to increased cell
death, decreased proliferation, or a partial block in thein T lymphocyte development, we bred Cnb1f(n) mice to
lck-cre transgenic mice, directing recombination of the double-negative (DN) to DP transition. Lck-cre Cnb1f(n)/
thymocytes had a modest increase in the rate of in vitroCnb1 locus specifically in thymocytes. Analysis of devel-
oping thymocytes by competitive PCR and immunoblot spontaneous cell death but incorporated bromodeoxy-
uridine in vivo at normal rates (Supplemental Figuresrevealed that locus recombination was complete by the
DN4 stage of development, corresponding to a near S2, S3, and accompanying Supplemental Discussion,
available on Immunity’s website). The minor increase inabsence of Cnb1 protein (Figures 1D and 1E). To deter-
mine if deletion of the Cnb1 locus effectively removed spontaneous cell death is unlikely to be the sole explana-
tion for the striking decrease in in vivo thymic cellularity.calcineurin phosphatase activity, we examined the
phosphorylation status of NF-ATc proteins in purified Analysis of the DN cells from lck-cre Cnb1f(n)/ mice
revealed a partial block at the DN3 stage (SupplementalDP thymocytes from lck-cre Cnb1f/f mice and littermate
controls. The calcineurin-responsive, cytosolic com- Figure S3 on Immunity’s website). The block may be
incomplete because of residual Cnb1 protein in DN3ponents of NF-AT transcription complexes NF-ATc1,
NF-ATc2, and NF-ATc3 remained in their maximally cells (Figure 1E), precluding a detailed and thorough
analysis of the function of Cnb1 in this developmentalphosphorylated state, even after stimulation with iono-
phore (Figure 1F and data not shown), demonstrating transition.
Analysis of the spleen and lymph nodes of lck-crea complete absence of calcineurin activity in the DP
population. This effect was specific since degradation Cnb1f/f mice revealed decreased but significant numbers
of peripheral T lymphocytes relative to littermate con-of IB, which results from phosphorylation of this protein
(Karin and Ben-Neriah, 2000), was not affected by cal- trols (data not shown). However, lymph node T cells
from lck-cre Cnb1f/ mice exhibited little to no recombi-cineurin deletion (Figure 1G).
nation of the Cnb1 locus and had normal levels of Cnb1
protein (Figures 1D and 1E; LNT lane). These data sug-Cnb1 Is Required in a Cell-Autonomous Manner
gest that mature T lymphocytes observed in lck-crefor Normal Thymocyte Development
Cnb1f(n)/ mice are derived from a small population ofThe thymi of lck-cre Cnb1f/f animals exhibited a general
cells that do not delete the floxed Cnb1 locus and ex-decrease in cellularity and a specific reduction of
pand due to homeostatic proliferative pressure uponCD4CD8 and CD4CD8 SP thymocytes by percent-
reaching the periphery. To test this hypothesis, we ex-age and absolute number (Figures 2A and 2B). Impor-
amined the peripheral T cell population of lethally irradi-tantly, thymocyte maturation occurred normally in lck-
ated wt (Thy1.1) animals reconstituted with bone mar-cre mice harboring a wild-type Cnb1 allele, illustrating
row from either lck-cre Cnb1f/ (Thy1.2) or Cnb1f/that the observed phenotypes were not merely due to
(Thy1.2) mice mixed with wt (Thy1.1) bone marrow.expression of Cre recombinase in these cells but re-
Analysis of IgM allotype on B lymphocytes revealed sig-sulted from deletion of the Cnb1 locus (see Supplemen-
nificant chimerization in all recipients (Supplemental Fig-tal Figure S1 at http://www.immunity.com/cgi/content/
ure S4 on Immunity’s website); however, while maturefull/20/3/255/DC1). No consistent differences or grada-
Thy1.2 Cnb1f/ T lymphocytes were readily detectabletions of phenotype were noted among Cnb1fn/fn, Cnb1f/f,
in the repopulated periphery of chimeric recipient mice,Cnb1fn/, or Cnb1f/ mice harboring the lck-cre transgene,
virtually no T lymphocytes from Thy1.2 lck-cre Cnb1f/and the lines were used interchangeably for experiments
donor animals were observed (Figure 2D). We concludedwith lck-cre negative Cnb1 genotype-matched littermate
that Cnb1 plays an essential and cell-autonomous rolecontrols.
in T lymphocyte development and focused on the effectsIt is possible that more mature thymocytes directly
of Cnb1 deficiency on thymocyte selection.or indirectly produce growth factors or other signals
required for the survival and development of less mature
populations. To confirm that the observed develop- Cnb1 Is Required for Positive Selection
The inability of Cnb1-deficient DP thymocytes to prog-mental phenotype in Cnb1-deficient thymocyte devel-
opment was independent of these reasons, we exam- ress to the SP stage (Figure 2A) suggests that Cnb1
function is required for positive selection. Importantly,ined the thymi of lethally irradiated wild-type (Thy1.1)
mice reconstituted with bone marrow from either lck- while expression of a Bcl-xL transgene in Cnb1-deficient
DP thymocytes offsets the observed increase in in vitrocre Cnb1f(n)/ (Thy1.2) or Cnb1f(n)/ (Thy1.2) mice mixed
with wild-type (Thy1.1) bone marrow (Figure 2C). In spontaneous cell death, single-positive thymocytes are
not observed in Bcl-xL transgenic lck-cre Cnbf/ mice,these mixed bone marrow chimeras, wild-type thymo-
cytes comaturing with lck-cre Cnb1f(n)/ thymocytes indicating that the lack of positive selection is not sec-
ondary to cell death (Supplemental Figures S2C andpopulate the thymus and develop normally, presumably
providing or inducing the production of signals poten- S2D on Immunity’s website). DP thymocytes from lck-
cre Cnbfn/ mice displayed a striking defect in inductiontially perturbed in mutant animals. We found that lck-
cre Cnb1f(n)/ thymocytes exhibited the same develop- of TCR, CD69, and CD5, all markers of positive selec-
tion (Figures 3A and 3B).mental block as observed in nonchimeric lck-cre
Cnb1f(n)/ mice and concluded that the observed block To further examine positive selection, we examined
Immunity
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Figure 2. Cell-Autonomous Defects in T Lymphocyte Development in lck-cre Cnb1f/ Mice
(A) Flow cytometric analysis of CD4 and CD8 expression of thymocyte populations from Cnb1f/ and lck-cre Cnb1f/ littermates.
(B) Numerical analysis of thymocyte subpopulations. Data represent the arithmetic mean  SD of two groups of four 4-week-old littermates.
CD4 SP and CD8 SP thymocytes are defined as TCRhiCD4 and TCRhiCD8, respectively.
(C and D) Flow cytometric analysis of thymocyte maturation (C) and presence of mature T cells in the periphery (D) of lethally irradiated wt
(Thy1.1) recipients reconstituted with bone marrow cells from Cnb1f/ (Thy1.2) or lck-cre Cnb1f/ (Thy1.2) mice in combination with bone
marrow from wt (Thy1.1) donors.
All results are representative of a minimum of three individual experiments.
the maturation of Cnb1-deficient thymocytes express- Shi et al., 1989). Analysis of thymocytes from male
H-Y TCR-transgenic lck-cre Cnbf/ mice revealed thating the transgenic H-Y TCR (Kisielow et al., 1988). In the
H-Y model, thymocytes from female mice expressing negative selection occurred normally in this system (Fig-
ure 4A). Since this transgenic TCR is first expressed atthis TCR are positively selected by MHC class I to the
CD8 lineage, while those in male mice are negatively DN3, it is possible that residual Cnb1 protein (and thus
activity) at this stage (Figure 1E) is able to mediate nega-selected due to recognition of a male-specific antigen
bound to MHC. Analysis of female H-Y TCR transgenic tive selection. In addition, an attenuation of TCR signal-
ing resulting in a shift of the threshold for negativelck-cre Cnb1f/ animals revealed an absence of mature
CD8 SP (CD4CD8HSAlo) cells compared to control selection might not be observed in the H-Y system. To
address these possibilities, we performed experimentsanimals (Figure 3C and data not shown). Thus, positive
selection of cells expressing a clonotypic TCR was in which we titrated negatively selecting stimuli to di-
rectly induce death of DP thymocytes, which, as shownblocked.
in Figure 1F, are deficient for calcineurin function.
In vitro culture of thymocytes from lck-cre Cnb1f/Cnb1 Is Dispensable for Negative Selection
The majority of previous studies using pharmacological mice and control littermates stimulated with a range of
concentrations of plate-bound anti-CD3 and anti-CD28inhibition of calcineurin activity have reported a deficit
in negative selection as well as positive selection (Gao monoclonal antibodies induced comparable levels of
DP cell death (Figure 4B). Similar results were observedet al., 1988; Hollander et al., 1994; Jenkins et al., 1988;
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Figure 3. Cnb1 Is Required for Positive Selection
(A and B) Flow cytometric analysis of CD4CD8 thymocytes for positive selection markers. The percentage of DP cells staining positive for
an individual marker is indicated above the gate. Mean and median CD5 fluorescence intensities are indicated.
(C) Flow cytometric analysis of positive selection in HY-TCR transgenic female mice. Plots illustrate CD4 by CD8 profiles of the HY-TCRhi popu-
lation.
All data are representative of a minimum of three individual experiments.
in vivo after intraperitoneal injection of various doses of from that induced in control cells (Figure 4C). Thus, cell
death is induced normally in Cnb1-deficient DP thymo-anti-CD3 monoclonal antibody (data not shown). Cell
death in the latter experiment is unlikely to be solely cytes in four independent models. Importantly, in the
models in which a dose response could be performed,due to stimulation through the antigen receptor, but the
results of the experiment are worth mention. Thus, Cnb1 Cnb1-deficient DP thymocytes exhibited the same
threshold for negative selection observed in controlis dispensable for two models of negative selection in-
duced by antibody-mediated TCR crosslinking. cells. Finally, neither the levels of the proapoptotic Bim
protein, which appears to be necessary and sufficientTo define the role of calcineurin in negative selection
at different doses of a more physiologic stimulus, we for negative selection (Bouillet et al., 2002), nor levels of
the antiapoptotic Bcl-xL were altered in Cnb1-deficientassayed induction of cell death by peptide bound to
MHC. The 5C.C7 transgenic TCR specifically recognizes thymocytes (Figure 4D). We conclude that calcineurin
activity is absolutely required for positive selection, yetamino acids 88–103 of moth cytochrome c (MCC) pre-
sented by class II MHC (I-Ek) (Fazekas de St. Groth et dispensable for negative selection, and that TCR signals
necessary for positive and negative selection split up-al., 1993). In DP thymocytes, this interaction results in
negative selection and cell death. MCC peptide was stream of calcineurin and Bim.
titrated into cocultures of 5C.C7 TCR transgenic thymo-
cytes from either lck-cre Cnb1f/ mice or control lit- Cnb1 Is Required for Efficient ERK Activation
With few exceptions, mice lacking TCR-proximal signal-termates with antigen-presenting cells. Cell death in-
duced in Cnb1-deficient DP cells was indistinguishable ing components (i.e., TCR, CD3 chains, Syk family ki-
Immunity
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Figure 4. Cnb1 Is Dispensable for Negative Selection
(A) Flow cytometric analysis of CD4 by CD8 profiles of the HY-TCRhi population in HY-TCR transgenic male mice. The number of viable
thymocytes in each in vivo experiment is indicated above the respective plots.
(B) DP thymocyte death in response to plate-bound antibody. Thymocytes were cultured with the indicated stimulus overnight. Percent survival
is defined by the absolute number of CD4CD8AnnVPI cells relative to control wells for each mouse  SD.
(C) DP thymocyte death in response to peptide/MHC. 5C.C7 TCR Tg thymocytes from a nonselecting background were cultured with CH27
B cells presenting MCC peptide in I-Ek overnight. Percent survival is defined as in (B).
(D) Immunoblot analysis of Bcl-xL and Bim protein levels in Cnb1-deficient and control DP thymocytes.
All results are representative of a minimum of three individual experiments.
nases, Src family kinases, SLP-76, LAT, and Tec family control DP thymocytes (Supplemental Figure S5 on Im-
munity’s website).kinases) have been shown to have general defects in
pre-TCR and TCR signaling (Fischer and Malissen, To determine how a Cnb1-dependent modulator of
ERK might function, we stimulated purified Cnb1-defi-1998). However, in most reports, disruption of the Ras-
MEK-ERK pathway has resulted in a selective but in- cient and control DP thymocytes with phorbol ester and
ionophore. Following this treatment, the difference incomplete impairment of positive selection (Alberola-Ila
et al., 1995; Delgado et al., 2000; Dower et al., 2000; ERK phosphorylation was much less apparent than that
observed after CD3/CD28 crosslinking (compare FigureO’Shea et al., 1996; Pages et al., 1999; Swan et al., 1995;
Werlen et al., 2000). We thus examined this pathway in 5A with Figure 5D), suggesting that these pharmacologic
activators can either override or function downstream ofthymocytes lacking Cnb1. Unexpectedly, we found that
ERK1 and ERK2 were inefficiently phosphorylated fol- the Cnb1-dependent ERK modulator. Analysis of several
signaling molecules downstream of the TCR revealedlowing TCR crosslinking in Cnb1-deficient DP thymo-
cytes as compared to controls (Figure 5A). The defect no differences in protein expression or tyrosine phos-
phorylation patterns (Figure 5E and Supplemental Figurein ERK phosphorylation was specific as evidenced by
the observation that JNK phosphorylation and IB deg- S6, available on Immunity’s website). Taken together,
these data indicate that the effects of Cnb1 disruptionradation were both normal in the absence of calcineurin
(Figures 5B and 1E). in vivo are in part related to calcineurin’s ability to control
transcription of an unknown modifier of ERK activity.The effects of calcineurin on ERK activation could be
mediated by a direct dephosphorylation of a molecule
essential for sustained ERK phosphorylation; alterna- Discussion
tively, calcineurin activity could be necessary to induce
the transcription of a modulator of ERK activity. We The thymocyte-specific deletion of Cnb1 results in, to
our knowledge, the most complete and selective blockfound that pretreatment of DP thymocytes with the cal-
cineurin inhibitor cyclosporin A for 20 min followed by in positive selection reported to date, particularly of a
signaling molecule distal to the TCR complex. This blockantibody stimulation in the presence of this drug had
no detectable effect on ERK activation (Figure 5C). This is more complete than that observed in mice deficient
in either the calcineurin A (Zhang et al., 1996) or Aobservation indicates that the deficit in ERK phosphory-
lation in Cnb1-deficient cells is not due to a short-term (Bueno et al., 2002) catalytic subunits, most likely due
to the overlapping expression and functional redun-lack of calcineurin phosphatase activity and is likely
dependent upon the transcription of an ERK modulator dancy of these gene products. The block of positive
selection mirrors that observed in early studies usingat an earlier developmental stage. In support of this
hypothesis, the defect in ERK phosphorylation could be pharmacological inhibitors of calcineurin; however, the
vast majority of the previous studies reported a defectreproduced in DP thymocytes isolated from mice that
had been injected with CsA for a period of 2 weeks in negative selection of thymocytes as well (Gao et al.,
1988; Jenkins et al., 1988; Shi et al., 1989; Wang et al.,but not for 1 week or less (Supplemental Figure S5 on
Immunity’s website). Importantly, attenuation of ERK 1995). In contrast, we observe normal cell death in Cnb1-
deficient DP thymocytes in four models of negative se-activation was also observed in MHC I/MHC II double
knockout mice treated with CsA, indicating that the re- lection. Injection of animals with cyclosporin induces
changes in the thymic stroma, including downregulationduction in ERK activation after calcineurin inhibition was
not an artifact of contaminating CD8 SP cells in purified of MHC II expression on antigen-presenting cells in the
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Figure 5. Cnb1-Deficient DP Thymocytes Exhibit a Specific Defect in ERK Activation
(A) Immunoblot analysis of ERK phosphorylation kinetics following CD3/CD28 antibody crosslinking in purified Cnb1-deficient and control
DP thymocytes. Blot was probed for phospho-p42/p44, stripped, and reprobed for p42/p44.
(B) Immunoblot analysis of JNK phosphorylation kinetics following CD3/CD28 antibody crosslinking in purified DP thymocytes. Blot was
probed for phospho-JNK1/JNK2, stripped, and probed for JNK1/JNK2.
(C) Immunoblot analysis of ERK phosphorylation kinetics following CD3/CD28 antibody crosslinking in purified DP thymocytes retaining
Cnb1 function in the presence or absence of cyclosporin A. Blot was probed for phospho-p42/p44, stripped, and reprobed for p42/p44.
(D) Immunoblot analysis of ERK phosphorylation kinetics following pharmacological stimulation of purified Cnb1-deficient and control DP
thymocytes. Blot was probed for phospho-p42/p44 and HSP90 to indicate equal protein loading.
(E) Immunoblot analysis of TCR-proximal signaling molecules in purified Cnb1-deficient and control DP thymocytes.
Data are representative of a minimum of three independent experiments.
thymic medulla (Beschorner et al., 1987; Pugh-Hum- ing a role in negative selection, particularly when DP
thymocytes are presented with lower concentrations ofphreys et al., 1990). It is possible that the deficit in nega-
tive selection observed in these studies is secondary to MHC/peptide (Kane and Hedrick, 1996). In contrast, we
do not see any shift in the response of Cnb1 DP thymo-these effects. Additional evidence that negative selec-
tion is independent of calcineurin activity is provided by cytes to plate-bound antibody or MHC/peptide when
we buffer extracellular Ca2 in the culture medium (datastudies in which expression of a constitutively active
form of calcineurin in DP thymocytes does not increase not shown). This discrepancy may be due to the use of
suboptimal altered peptide ligands in the former study.the sensitivity of these cells to negatively selecting stim-
uli (Hayden-Martinez et al., 2000). However, both studies are consistent with a model in
which negative selection may require Ca2-dependentPrevious work has implicated the release of Ca2 from
intracellular stores and subsequent Ca2 influx as play- effectors other than calcineurin if these effectors are
Immunity
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Figure 6. A Model for the Intensity-Directed Parsing of Signals to Positive and Negative Selection
Low-intensity signals are transduced through the TCR, activating the Ca2/Calcineurin/NF-AT and Ras/MEK/ERK pathways and leading to
positive selection (left panel). Higher-intensity signals activate these pathways as well, but also activate a cell death program that is independent
of and dominant to these effectors of positive selection (right panel). The requirement of TCR-proximal molecules for both positive and
negative selection, coupled with observations that disruption of molecules further downstream are necessary for only one or the other of
these processes, suggests that a lowest common molecule, or “signal splitter” (represented as “X” in the figure), directs signals toward the
negative selection pathway at higher intensities. This molecule has not been identified.
activated by the release of Ca2 from intracellular stores sion of allosteric signals within the TCR chains (Garcia
et al., 1998; Speir et al., 1998). This objection could beupon TCR engagement.
Our observations, combined with recent work examin- countered by kinetic models of T cell receptor signaling.
Second, mice with mutations in the genes encodinging the function of the proapoptotic Bcl-2 family mem-
bers Bim, Bak, and Bax in negative selection (Bouillet receptor components that are not required for earlier
stages of T cell development, for example, CD3	 (Daveet al., 2002; Rathmell et al., 2002), suggest a model for
the conversion of graded signals to discrete develop- et al., 1997) and ZAP-70 (Negishi et al., 1995), have
defects in both positive and negative selection. Thymo-mental outcomes (Figure 6). Low-intensity signals
through the T cell receptor require calcineurin activity cytes transgenically expressing a mutant TCR in which
the connecting peptide motif of the  chain (-cpm)and ERK activation to effect positive selection. High-
intensity, negatively selecting signals activate Bim, Bak, has been mutated have selective defects in positive
selection (Backstrom et al., 1998). TCR complexes inand Bax, potentially through the Grb2 adaptor protein
(Gong et al., 2001). Although negatively selecting signals these mice were not able to contact the CD3	 chain
and activate ERK activity (Werlen et al., 2000). However,also activate both calcineurin and the ERK pathway,
these events merely correlate with but are not required CD3	 is necessary for both positive and negative selec-
tion (Dave et al., 1997) and additional studies havefor negative selection as evidenced by studies of mu-
tants in both pathways. Thus, signals with a common shown that this phenotype can be rescued with a trans-
gene expressing only the extracellular region of this pro-origin at the antigen receptor must be split or shunted
upstream of these dedicated effectors by a molecule or tein (Delgado et al., 2000). The TCR -cpm may thus
play important structural roles in the T cell receptor thatcomplex that senses the intensity of signals emanating
from the TCR. result in a reduction in signal intensity in response to
positively selecting ligands. Perhaps the strongest evi-What is the identity of the signal splitter or intensity
sensor? Intuitively, one would expect that the antigen dence that the signal splitter is downstream from the
receptor complex itself comes from studies of mice inreceptor and its associated molecules would be the best
candidate. However, several lines of evidence argue which the Rlk and Itk members of the Tec family of
kinases or the Rho exchange factor Vav have been inac-against this simple interpretation. First, structural stud-
ies of the antigen receptor bound to different peptide- tivated (Schaeffer et al., 2000; Turner et al., 1997). Thy-
mocytes lacking these gene products are inefficientlyMHC complexes have not shown evidence for transmis-
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positively selected and show a reduction in sensitivity in the regulation of NF-B and JNK in Jurkat and B cells
to negatively selecting stimuli. Thus, Vav and the Tec (Healy et al., 1997; Su et al., 1994). However, we find that
kinases appear to have critical roles in both positive and in Cnb1 mutant DP thymocytes having no detectable
negative selection and an ability to respond to signal calcineurin activity JNK is activated normally and IB
intensity and direct separate outcomes. Although these and IB decay with kinetics that are very similar to
signal transducers have been shown to regulate Ca2 those in control cells. While we do find that cyclosporin
and calcineurin (Fowell et al., 1999), to date they have produces a reduction in NF-B activity (Emmel et al.,
not been shown to regulate Bim, Bax, or Bak, which are 1989), it appears that this reduction relates to the fact
all essential for cell death. Thus, while the identity of that NF-B p50 is transcriptionally induced by cal-
the signal splitter is unknown, our studies and those cineurin/NF-AT signaling (McCaffrey et al., 1994). Alter-
implicating specific cell death proteins suggest a clear natively, calcineurin might regulate IB and JNK in other
path to defining this critical decision point in thymic de- cell types but not in double-positive thymocytes. Addi-
velopment. tional studies will be necessary to resolve this question;
Many studies in transgenic and knockout mice have however, it is worthy of note that both the vascular and
provided evidence that the Ras/MEK/ERK pathway, like neural developmental phenotype of NF-ATc compound
calcineurin, is selectively required for positive selection mutant mice is very similar to that observed in mice in
(Werlen et al., 2003). Thus, the signal splitter must func- which Cnb1 has been somatically inactivated (Graef et
tion above the level of both of these signaling pathways. al., 2001a, 2003). These studies suggest that calcineurin
Importantly, although long-term treatment of mice with might be dedicated to the regulation of NF-ATc family
CsA results in reduced ERK activation (Supplemental members
Figure S5 on Immunity’s website), positive selection as The highly selective role of calcineurin in thymocyte
monitored by CD4 and CD8 expression on thymocytes development parallels our studies on the role of cal-
from these mice is disrupted prior to the manifestation cineurin and NF-AT transcription complexes in the de-
of this activation defect (data not shown). This indicates velopment and function of the nervous system (Graef
that signaling through calcineurin plays a direct role in et al., 1999, 2003). Mice bearing mutations in NF-ATc2,
positive selection, and the defects in positive selection c3, and c4 or with defects in calcineurin activation have
observed in lck-creCnb1f/ mice are not due solely to an profound defects in axonal outgrowth that are due to
inability to signal through the Ras/MEK/ERK pathway. a failure of neurotrophins, netrins, and other guidance
It is possible that the roles of calcineurin and ERK in factors to induce axonal elongation. Remarkably, neither
thymocyte-positive selection are complementary since calcineurin nor NF-ATc family members appear to have
both of these activities control formation of NF-AT tran- a role in the regulation of survival or proliferation induced
scription complexes in mature lymphocytes (Crabtree, by neurotrophin (Graef et al., 2003). These studies, along
1989). It is therefore likely that NF-AT transcription com- with the morphogenic role of NF-ATc1 in cardiovascular
plexes may be involved in the activation of genes re- development (de la Pompa et al., 1998; Graef et al.,
quired for positive selection. The lack of a defect in 2001a; Ranger et al., 1998), suggest that calcineurin/
positive selection in NF-ATc knockout animals may be NF-AT signaling may be a common requirement for ver-
due to functional redundancy among members of this tebrate morphogenesis and differentiation. This general
family. A functional redundancy in ERK signaling would developmental role may have escaped prior notice be-
also be consistent with the mild defects observed in cause of the late evolutionary appearance of this signal-
positive selection in thymocytes with genetic disruption ing pathway in vertebrates (Graef et al., 2001b) and the
of the Ras/MEK/ERK pathway as compared Cnb1 mu- redundant nature of its components.
tants (Pages et al., 1999). Indeed, ERK activation subse-
quent to antibody crosslinking of the antigen receptor Experimental Procedures
is undetectable in thymocytes in which RasGRP function
Generation of Mice Harboring a loxP-Flanked Allele of Cnb1has been disrupted, even though these cells are only
A genomic clone including Cnb1 exons III–VI from a 129Sv/Ev geno-partially blocked at the DP to SP transition (Dower et
mic library was previously described (Graef et al., 2001a). LoxP sitesal., 2000). MAPK signaling has been implicated in mitotic
were inserted into a KpnI and a PvuII site flanking Cnb1 exons III–V.progression at both G1-S and the spindle assembly
A frt-flanked pgk-neo cassette was blunt cloned into a BstEII site
checkpoint (Guadagno and Ferrell, 1998; Minshull et al., between Cnb1 exons III and IV. In parallel, the pgk-neo cassette in
1994; Shapiro et al., 1998; Stemmann et al., 2001), con- the targeting vector ploxPNT was replaced with a 5.8 kb fragment
sistent with the important role of ras as an oncogene. of the Cnb1 genomic clone containing exon VI. The 7.4 kb insert
containing Cnb1 exons III–V, the frt-flanked pgk-neo selection cas-Since several rounds of cell division accompany positive
sette, and the two loxP sites were inserted into the Xho site ofselection (Ernst et al., 1995), one might expect a defect
the modified ploxPNT. Targeted ES cells and chimeric mice werein positive selection in mice with compromised ERK
generated by standard methods. Correct ES recombination and
function. In contrast, we find that Cnb1-deficient DN4 germline transmission were confirmed by Southern analysis and
and DP cells have no detectable reduction in prolifera- PCR. The Cnb1f allele was generated by transient transfection of
tion and yet a complete failure of positive selection. targeted pgk-neo-retaining Cnb1fn ES clones with p-CAGGs-Flpe.
PCR oligos utilized: CNB15
B, 5
-caatgcagtccgctgtagttc-3
; LOX-Many studies suggest that activation of other MAP ki-
P3
AMP/SEQ, 5
-gacagctatacagagaaaccctg-3
; LOXP3
AMP, 5
-nases, such as JNK and p38, is required for negative
agcctccacatacacagatac-3
; LOXP5
AMP/SEQ, 5
-ttctaggtaattagggselection (Starr et al., 2003); however, the importance of
caggtg-3
; LOXP5
AMP, 5
-tgtaatctggtaaactatgcc-3
.these pathways has not been established in transgenic
TCR-expressing thymocytes from gene-targeted mu- Mice
tants. H-Y  TCR transgenic and MHC I/II double knockout mice were
purchased from Taconic; C57BL/6J-IgHa Thy1a Gpi1a mice were pur-Several previous studies have implicated calcineurin
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chased from Jackson; 5C.C7 mice were a gift from Dr. Mark Davis; 105 CH-27 cells (a B cell hybridoma) presenting serial dilutions of
the negatively selecting MCC peptide in I-Ek. After 15–19 hr, cells-actin-cre mice were a gift from Drs. Mark Lewandoski and Gail
Martin; Lck-cre mice were a gift from Dr. Chris Wilson; Lck-Bcl-xL were stained with Annexin, anti-CD4, anti-CD8, and propidium io-
dide. Analysis of DP thymocyte viability and curve generation wasmice were a gift from Dr. Stanley Korsmeyer. All mice were housed
in the Stanford University Research Animal Facility under specific performed as above.
pathogen-free conditions in accordance with institutional guide-
lines. ERK/JNK Activation and IB Degradation Assays
DP cells were enriched from pooled whole thymocytes of 3- to
6-week-old littermates using CD8a-specific magnetic beads as perAnalysis of Thymic and Peripheral Lymphoid Cell Populations
manufacturer’s instructions (Miltenyi Biotec). Purities of95% wereIn individual analyses, animals were compared to sex-matched lit-
routinely obtained. Enriched DP thymocytes were stimulated withtermates. Organs were disaggregated into RPMI 10% FBS supple-
anti-CD3 and anti-CD28 (BD Pharmingen) or 1 M A23187 andmented with L glutamine, penicillin, streptomycin, sodium pyruvate,
25 ng/ml PMA (Calbiochem) and prepared for Western analysis. InHEPES (pH 7.4), nonessential amino acids, and -mercaptoethanol.
experiments utilizing cyclosporin A (Sandoz), cells were treated withFor proliferation analysis, animals were injected intraperitoneally
50 nM of this drug 20 min prior to and then during the stimulation.with 1 mg of BrdU 2 hr prior to sacrifice. Processing, staining, and
analysis were performed as per manufacturer’s instructions (BD
Pharmingen). Thymocytes were gated on forward and side scatter; Acknowledgments
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